Zinc stannate (Zn~2~SnO~4~) is one of the most important ternary metal oxides and has attracted considerable attention because of its unique optical, electrochemical and photoelectrochemical properties. For example, previous researches have disclosed that Zn~2~SnO~4~ could be used as working electrodes in dye-sensitized solar cells due to its high electron mobility and fast electron transport[@b1], and as anodes for Li-ion battery due to its high theoretical capacity and reversible capacity[@b2][@b3][@b4]. Moreover, Zn~2~SnO~4~ also exhibits high gas sensitivity and rapid response as gas sensors[@b5][@b6], and photocatalytic degradation of organic pollutants in aqueous solutions due to its high charge separation induced by surface oxygen-vacancies states[@b7][@b8].

On the other hand, photodetection in UV region has drawn considerable attention due to its extensive applications including environmental and biological fields, optical communications, sensors, and missile-launch detection[@b9][@b10][@b11]. So far, a variety of thin-film based photodetectors such as GaN[@b12], ZnS[@b13], ZnO[@b14][@b15][@b16] and TiO~2~[@b17], have been fabricated and investigated for UV irradiation detection, due to their wide band gaps and fast response speeds. However, there still exist some drawbacks in the fabrication of thin-film based photodetectors. For example, the commercial fabrication method of GaN thin-film photodetector using metal organic chemical vapor deposition method is troublesome and costly[@b12]. ZnO thin-films are usually fabricated by complicated and expensive vacuum deposition system or a time consuming sol-gel process[@b5][@b16]. Therefore, it is of great importance to develop new materials and facile fabrication processes for high-performance photodetectors.

Recently, we have reported a series of nanostructure-based nanofilm photodetectors by an oil-water interfacial self-assembly strategy[@b18][@b19][@b20]. This novel strategy effectively opens the door for the self-assembly of hydrophilic nanostructures into closely-packed nanofilms, and provides a facile method to construct thin-film based nanodevices. Compared to the previously reported strategies such as spin coating, vertical deposition or dip coating, oil-water interfacial self-assembly method can be used to fabricate monolayer films, and the periodic structures of nanofilms are much better controlled[@b21][@b22][@b23][@b24][@b25][@b26][@b27]. Yet there are still no reports on the UV photodetectors using Zn~2~SnO~4~ nanocubes as the building blocks and their optoelectronic properties have been rarely investigated to the best of our knowledge, although Zn~2~SnO~4~ is a very promising candidate for UV light detection because of its proper band gap (*E*~g~) around 3.7 eV[@b28]. On the other hand, photodetectors with tunable band gaps are very attractive due to their applications for various regions of the spectrum[@b29][@b30]. In general, band gaps of the semiconducting nanocrystals may be controlled by the size or composition of the nanocrystals, such as HgTe nanocrystals, (Cu~2~Sn)*~x/3~*Zn*~1−x~*S nanoparticles and Cu~2~ZnSn(S*~1−x~*Se*~x~*)~4~ nanocrystals[@b31][@b32][@b33]. In this study, we present a chemical method for synthesis of high-yield, uniform and band gap tunable Zn~2~SnO~4~ nanocubes and further fabricate a high-performance UV light photodetector by employing Zn~2~SnO~4~ nanocubes as shown in [Fig. 1](#f1){ref-type="fig"}. Interestingly, the optical band gaps of the Zn~2~SnO~4~ nanocube-based films can be tuned from 3.18 to 3.54 eV through a heat treatment process, and the optimal band gap of Zn~2~SnO~4~ nanofilm is especially suitable for UV-A (320--400 nm) light detection. This Zn~2~SnO~4~ nanocube-based device displays high photocurrent, large photocurrent to dark current ratio, excellent stability, and reproducibility, which are considerably better than the previously reported values.

Results
=======

Zn~2~SnO~4~ nanocubes were fabricated by a water bath and a hydrothermal method as shown in [Fig. 1a](#f1){ref-type="fig"}. First, Zn(CH~3~COO)~2~·2H~2~O, SnCl~4~·5H~2~O and sodium dodecyl benzene sulfonate (SDBS) were added into a mixed solution of ethanol and distilled water in a conical flask which was then put in a water bath under magnetic stirring at 60°C. Subsequently, tetraethylammonium hydroxide (TEAH) was added dropwise to the stirred solution as the structure-directing agent. After continuously stirred for 1 h, the suspension was then transferred into a 50 mL Teflon-lined stainless steel autoclave. Finally, Zn~2~SnO~4~ nanocubes were fabricated by a hydrothermal method and a subsequent annealing procedure, with a high yield of 62%. [Fig. 2a and b](#f2){ref-type="fig"} show the typical transmission electron microscopy (TEM) images of the as-prepared product synthesized in the hydrothermal system at 220°C for 5 h and heated at 500°C for 1 h. It is confirmed that the cube morphology was well maintained during the annealing treatment. [Fig. 2c](#f2){ref-type="fig"} shows the SAED pattern of a single Zn~2~SnO~4~ nanocube, which proves to be a polycrystalline structure in nature. In order to further confirm the chemical composition and elemental distribution, scanning transmission electron microscope (STEM) studies were performed. As displayed in [Fig. 2d--f](#f2){ref-type="fig"}, the Zn, Sn and O elements are homogeneously distributed in this nanocube. The final product has surface area of 10.92 m^2^ g^−1^ and pore volume of 0.083 m^3^ g^−1^ based on Brunauer--Emmett--Teller (BET) and Barrett--Joyner--Halenda (BJH) in [Supplementary Fig S1](#s1){ref-type="supplementary-material"}.

According to the XRD patterns of Zn~2~SnO~4~ powder samples in [Fig. 3](#f3){ref-type="fig"}, all the diffraction peaks are in good agreement with the data of pure cubic inverse spinel phase of Zn~2~SnO~4~ (JCPDS: 24--1470) and no extra peak is detected, indicating that all the as-prepared samples are of high purity phase and in perfect crystallinity. Based on the XRD peaks of Zn~2~SnO~4~ and the Scherrer formula (*ϕ* = *kλ*/*β*cos*θ*) applied to the prominent peaks corresponding to the plane (311), the lattice constant of Zn~2~SnO~4~ samples with different heating temperature were found to be 8.656, 8.658, 8.659 and 8.689 Å, respectively. Despite small differences of lattice constant that exist among the samples, all of them shared the same trends of variation of the crystal parameters, which corroborated the homogenous nature of the nanocrystals.

Reaction temperature in hydrothermal condition showed an obvious influence on the formation of the Zn~2~SnO~4~ nanocubes. Schematic illustration for the possible formation mechanism of the as-prepared samples can be described in [Supplementary Fig S2](#s1){ref-type="supplementary-material"}. Firstly, a series of irregular ZnSn(OH)~6~ and ZnO nanoparticles were formed in the mixture with the assistance of SDBS before a hydrothermal reaction. The pH of the starting solution was 13.3. Then, ZnSn(OH)~6~ nanocubes with a little ZnO nanoparticles on the surface were obtained and Zn~2~SnO~4~ nanocubes started to generate when the temperature rose to 180°C. The pH of system at this time was decreased to 11. From the XRD pattern ([Supplementary Fig S3a](#s1){ref-type="supplementary-material"}), we can see that ZnSn(OH)~6~ nanocubes were formed at 180°C. The peaks of as-prepared product match well with the cubic phase of ZnSn(OH)~6~ (JCPDS: 33--1376). Only three small diffraction peaks of hexagonal ZnO are detected, which are caused by the decomposition of . With the increase of the hydrothermal reaction temperature, more Zn~2~SnO~4~ nanocubes have been formed. ZnSn(OH)~6~ nanocubes can be used as a reactants and a self-sacrifice template to form uniform Zn~2~SnO~4~ nanocubes ([Supplementary Fig S3b](#s1){ref-type="supplementary-material"}). Finally, Zn~2~SnO~4~nanocubes were completely obtained at 220°C for 5 h, and the pH value of the final solution was 10.3. With further prolongation of reaction time, the size of the as-prepared product increased rapidly. Uniform Zn~2~SnO~4~ nanocubes with the size of 2.5 μm were prepared at 220°C for 8 h ([Supplementary Fig S4a](#s1){ref-type="supplementary-material"}). The reactions during the formation of Zn~2~SnO~4~ nanocubes can be shown as follows:

It is worth noting that the formation of Zn~2~SnO~4~ nanocubes should be strongly affected by hydroxide concentration. When the added alkaline exceeded a certain amount, the ZnO precipitates were produced as the by-product in the thermal decomposition of . Furthermore, highly hydrated TEAH is considered as an efficient ionic liquid precursor (ILP), which cannot only act as a solvent, but also a reactant for the fabrication of inorganic materials[@b34]. The presence of anionic surfactant SDBS is also crucial for the formation of Zn~2~SnO~4~ nanocubes. As shown in [Supplementary Fig S4b and c](#s1){ref-type="supplementary-material"}, Zn~2~SnO~4~ nanoplates and blocks were produced without SDBS at 200°C for 20 h and 220°C for 5 h, respectively. SDBS might guide the formation of cube ZnSn(OH)~6~precursors, which further converted to the cubic Zn~2~SnO~4~ nanostructure. We could also conclude that the general morphology and the average size of the Zn~2~SnO~4~ nanostructure were strongly influenced by the reaction temperature, the reaction time and the composition of the reactants.

As shown in [Fig. 1b--d](#f1){ref-type="fig"}, Zn~2~SnO~4~ nanocube-based monolayer nanofilms were easily fabricated using an oil-water interfacial self-assembly strategy and a calcining process. The optical microscopy images of the Zn~2~SnO~4~monolayer nanofilm deposited on silicon substrates and quartz substrates under natural light are shown in [Supplementary Fig S5](#s1){ref-type="supplementary-material"}, respectively. It can be clearly seen that the nanofilms are uniform and semitransparent, further indicating the high quality of the nanofilms. The SEM images in [Fig. 4a and b](#f4){ref-type="fig"} show an overview of the monolayer Zn~2~SnO~4~ nanofilms with different magnifications. It is apparent that the substrate is densely covered by a large number of regular Zn~2~SnO~4~ nanocubes with an average edge length of 650 nm.

[Fig. 4c](#f4){ref-type="fig"} shows the UV--vis absorption spectra of the Zn~2~SnO~4~ nanofilm on quartz substrate with different annealing temperature. All of the samples display a strong absorption edge at 375, 381, 412 and 424 nm, respectively. Note that the heat-treated samples show a shift of the absorbance cutoff to higher wavelengths, which indicates a decrease in the optical *E*~g~ after different heat treatment temperature. The red-shift of the absorption edge compared to that of the nanofilm heat treatment at 60°C might be closely associated with the change of the average grain sizes and the lattice constant of the as-prepared samples[@b35]. As shown in [Fig. 4d](#f4){ref-type="fig"}, the band gaps of the materials at different heat treatment temperature could be estimated to be 3.54, 3.48, 3.39 and 3.18 eV, respectively, which are apparently smaller than that before heat treatment with an apparent red-shift of about 0.30--0.50 eV. Apparently, the product after heat treatment is especially suitable for the UV light detection due to the decreased *E*~g~, especially in the UV-A area. The band gap energy of Zn~2~SnO~4~ was previously reported to vary from 3.6 eV in the bulk form to 3.43 eV in the thin film[@b7][@b35]. In our study, the hydrothermal method has a tendency to produce materials with a small excess of Zn despite the initial stoichiometric amount used, which has been confirmed by ICP-OES measurement as follows: the actual Zn to Sn molar ratios of three parallel sample solutions A, B and C were 2.044, 2.029 and 2.035, respectively, with a mean of 2.036. During the heat treatment procedure, the high activation energy may drive the excess of Zn infiltrating into the lattice of Zn~2~SnO~4~ and cause the defect of energy level. Alpuche-Aviles *et al.* also reported that the fundamental band-gap of Zn~2~SnO~4~ nanoparticles was 3.60--3.70 eV, and thermal treatment could narrow the band gap due to the incorporation of excess Zn into Zn~2~SnO~4~ matrix[@b35]. Although the optical absorption property of Zn~2~SnO~4~ is still controversial, the reported band gaps are all in the range of 3.2--3.9 eV. It is obvious that the synthetic approach and the morphology of Zn~2~SnO~4~ nanofilm have significant impacts on their optical absorption property[@b36][@b37].

The Zn~2~SnO~4~nanocube-based nanofilms are very suitable for UV-light detection due to their optical band gaps can be tuned through thermal effect. The optimal band gap of our Zn~2~SnO~4~ nanocube, 3.18 eV, is in good agreement with the threshold wavelength of UV-A reagion, which makes it become an excellent material for UV-A sensor. For this reason, a nanocube-based nanofilm device ([Fig. 1e](#f1){ref-type="fig"}) from the above Zn~2~SnO~4~ film after 500°C annealing was successfully constructed by a simple electron-beam deposition method similar with our previous reports[@b18]. A schematic diagram showing the configuration of a monolayer Zn~2~SnO~4~ nanocube-based nanofilm device for the photocurrent measurement is illustrated in [Fig. 5a](#f5){ref-type="fig"}. The inset of [Fig. 5b](#f5){ref-type="fig"} shows the SEM image of the device in which the monolayer nanofilm was connected by a pair of electrodes placed 30 μm apart. The *J--V* measurements of the nanofilm photodetector in the dark and under light illuminations are shown in [Fig. 5b](#f5){ref-type="fig"}. It can be seen that the photoresponsivity just shows very slight changes when the wavelength of the light sources are 550 nm (0.252 mW/cm^2^) and 450 nm (0.322 mW/cm^2^). When the device was illuminated by a 350 nm UV light at 0.152 mW/cm^2^, a drastic increase of current density up to 22.14 mA cm^−2^ was detected at an applied voltage of 5 V (about 76 times enhancement compared with a dark current density of 0.29 mA cm^−2^). The symmetric *J−V* curves indicate good ohmic contact between the Zn~2~SnO~4~ nanocube-based thin-film and the Ti electrodes. The appearance of photoconductive sensitivity in the present Zn~2~SnO~4~-nanocube device is ascribed to the electron−hole pairs excited by the incident photons with energy larger than the band gap, that is, only the light with enough energy is able to induce a significant increase in conductance. The photocurrent of the Zn~2~SnO~4~nanofilm device is three orders of magnitude higher than that of an individual ZnS nanobelt[@b38] and 150 times enhancement compared to that of ZnO nanowire[@b41] under the similar condition. The exposed area on an individual nanostructure-based nanodevice is quite limited, leading to an absolutely low photocurrent and poor repeatability[@b38][@b39][@b40][@b41][@b42]. Compared with the individual-nanostructure-based photodetectors, high photocurrent of the present nanofilm device might be due to a fact that the photocurrent of the device is collected from a large number of Zn~2~SnO~4~ nanocubes rather than a single one[@b43]. Such a drastic enhancement is very promising for practical application such as field emitters, light emission diodes (LEDs), photodiodes, etc[@b44][@b45][@b46]. The greatly enhanced photocurrent and photocurrent to dark current ratio suggests that the Zn~2~SnO~4~ nanocube-film-based photodetector has great advantages in improving the performance of UV-light photodetectors compared with the individual-nanostructure-based photodetectors. Furthermore, other key performance parameters of the present nanodevice are also obviously superior to those of other existing semiconducting photodetectors as summarized in [Table 1](#t1){ref-type="table"}.

[Fig. 5c](#f5){ref-type="fig"} depicts the photon-response spectrum of the device as a function of the incident light wavelength from 210 to 630 nm at a bias of 10 V. We can see that the sensitivity is very low for the wavelength longer than 450 nm. This starts to gradually increase (up to one order of magnitude increase) between 398 nm (near the band gap of Zn~2~SnO~4~ (≈3.18 eV, 390 nm)) and 450 nm, and then increases two orders of magnitude when the wavelength decreases to 210 nm. The huge increases of sensitivity under UV-light illumination as compared to visible light justify that the present Zn~2~SnO~4~ nanocube-based film is indeed particularly valuable for UV-light detection.

Stability is another key parameter which determines the capability of a photodetector to follow a quickly varying optical signal. The time-dependent photoresponse of the as-constructed device is shown in [Fig. 5d](#f5){ref-type="fig"}, which is measured by periodic turning on and off a 350-nm-light at a bias voltage of 10 V. Upon illumination, the photocurrent rapidly increases to a stable value of 257 nA on average and then decreases dramatically to its initial value (35.2 nA) when the light is turned off, giving an on/off switching ratio of 7.3. The photocurrent of the present device shows an outstanding stability and repeatability. No obvious degradation is observed after a number of cycles.

Further experiment in [Fig. 5e](#f5){ref-type="fig"} shows that the photocurrent is very sensitive to the intensity of the incident light. The device was irradiated by a 350-nm-light at a bias of 10 V. By adjusting the intensity of illumination, the photocurrent can be reversibly changed from 22.4 nA to 270.3 nA accordingly, which may lie in the different photon densities from the incident lights. As shown in [Fig. 5f](#f5){ref-type="fig"}, the current of the device is strongly related to the light intensity and demonstrates a power dependence of 0.61 (*C* = 14.15 × *P*^0.61^), whereas C is the photocurrent value and P is the light intensity. The non-unity exponent is a result of the complex process of electron--hole generation, trapping, and recombination within the semiconductor[@b47]. By simply adjusting the intensity of illumination, the current can be reversibly changed to more than one order of magnitude (about 12 times) without damaging the film.

Discussion
==========

In summary, the Zn~2~SnO~4~ nanocubes with well-defined morphology have been high-yieldly grown by a hydrothermal method using low-cost reagents. The optical band gaps of the Zn~2~SnO~4~ nanocubes can be easily controllable from 3.18--3.54 eV through a heat treatment process. The optimal band gap of Zn~2~SnO~4~ nanofilm is especially suitable for UV-A (320--400 nm) light detection, and the as-constructed device exhibits greatly higher photocurrent and relatively larger photocurrent to dark current ratio compared with the previously reported individual-nanostructure-based UV-light photodetectors. The high photocurrent, large photocurrent to dark current ratio, high spectral selectivity, excellent photocurrent stability and reproducibility render the present Zn~2~SnO~4~ nanocube-based nanofilm device to be particularly valuable for ultraviolet light detection, solar cells and photoelectronic switches.

Methods
=======

Zn~2~SnO~4~ nanocubes were synthesized by a hydrothermal method with some changes of experimental conditions[@b5] and an annealing treatment at different temperature. The Zn~2~SnO~4~ nanocube-based nanofilm was fabricated using an oil--water interfacial self-assembly method (see [Supporting Information](#s1){ref-type="supplementary-material"} for details). The current density-voltage (*J-V*) characteristics of the Zn~2~SnO~4~ nanofilm photodetector were measured using an Advantest picoammeter R8340A and a dc voltage source R6144. Spectral responses for different wavelengths were recorded by using a xenon lamp (500 W). The time-dependent photoresponses of the device were measured using a current meter after shutting off the UV light. The incident light power was calibrated using an UV enhanced Si photodiode.
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![Schematic illustration of the fabrication procedure of the Zn~2~SnO~4~ nanofilm and photoresponse nanodevices.\
(a) Water bath and hydrothermal process. (b)--(c) Hexane-water interfacial self-assembly. (d) Lift-up process and heat treatment process. (e) Schematic illustration of photoresponse nanodevice.](srep06847-f1){#f1}

![(a) and (b) TEM images of Zn~2~SnO~4~ nanocubes with different magnifications. (c) Corresponding SAED pattern taken from a single Zn~2~SnO~4~ nanocube. (d), (e) and (f) Zn, Sn and O elemental maps, respectively, scale bar: 500 nm.](srep06847-f2){#f2}

![XRD patterns of Zn~2~SnO~4~ nanocubes with different heating temperature.\
60°C (a), 200°C (b), 300°C (c) and 500°C (d) for 1 h. JCPDS 24--1470 pattern is shown for comparison (vertical lines).](srep06847-f3){#f3}

![(a) Low- and (b) high-magnification SEM images of the Zn~2~SnO~4~ nanocube-based film. (c) Typical room-temperature UV-visible absorbance spectra and (d) the plot of (*αhν)^2^ vs hν* of the Zn~2~SnO~4~ nanofilm on quartz substrate with different calcined temperature.](srep06847-f4){#f4}

![(a) Schematics of the Zn~2~SnO~4~ nanofilm photodetector. (b) The *I--V* characteristics of the device illuminated with different-wavelength lights or under dark conditions. Inset: A representative SEM image of the device. (c) A typical spectral photoresponse of the device for different wavelengths. (d) The reproducible on/off switching upon 350 nm light illumination. (e) *J--V* characteristics of the device under 350 nm light irradiation with various power intensities. (f) The light-intensity-dependent photocurrent of the device at a bias of 10 V.](srep06847-f5){#f5}

###### Comparison of the critical parameters for the present Zn~2~SnO~4~ nanofilm and other characteristic inorganic semiconducting nanostructure-based UV-light photodetectors

  Photodetectors                          Light of detection   Bias/V   Photocurrent *I*~light~   Dark current *I*~dark~   *I*~light~/*I*~dark~   References
  -------------------------------------- -------------------- -------- ------------------------- ------------------------ ---------------------- ------------
  individual ZnS nanobelt                       320 nm           10             0.8 pA                   0.07 pA                   11.4             [@b38]
  individual ZnS microbelt                      320 nm           20             6.5 pA                   \<0.1 pA                  \--              [@b39]
  individual ZnO nanorod                        350 nm           2               22 nA                     1 nA                     22              [@b40]
  individual ZnO nanowire                       350 nm           5              280 pA                   \~15 pA                   18.7             [@b41]
  individual Nb~2~O~5~ nanobelt                 320 nm           1              51.3 pA                  15.5 pA                   3.3              [@b48]
  individual In~2~Te~3~ nanowire                350 nm           10            \<0.2 nA                 \~6--41 pA                 \--              [@b49]
  individual ZnSe nanobelt                      440 nm           30            \~1.7 pA                 \<0.01 pA                  \--              [@b50]
  thin film from Zn~2~SnO~4~ nanocubes          350 nm           5              43.2 nA                   570 pA                    76            This work
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